An area of interest in the modern age is the human migration from rural areas to cities.
-3 -of a fully functional communication device. The theoretical framework reveals interesting communication bounds for conveying data using nano-particles. In this subsection, the basis for a theoretical understanding of the communication limits, and how it is applicable to real system implementation will be discussed.
1) Random Walk -Pulse Response:
Let us assume that the information bearing nano-particles undergoes a random diffusion process (random walk). Consider an emitter that emits a single pulse of chemicals because generic communications system will modulate messages into a succession of individual pulses.
At time t after an emission, the probability density function of the molecule concentration at any point x away from the point of emission follows an inverse exponential function [20] :
for a given diffusivity D, which is a chemical-medium dependent measure of the rate of diffusion.
In order to capture the molecules at the receiver, the probability of capture is [19] :
For intra-cellular chemical signalling, the diffusivity D value is 1 − 300 / 2 , and the diffusion distance x is 1-200 . In such a scenario, the probability of capturing 90% of more of the emitted molecules can be achieved in less than a milli-second.
For inter-organism chemical signalling, the diffusivity D value is 0.1 − 1 / 2 , and the diffusion distance x is several metres. In such a scenario, the probability of capturing 90% of more of the emitted molecules can be achieved in a few minutes to an hour.
In reality, the diffusion process is assisted by currents both inside the body and between bodies. Air currents have an effect of rapidly accelerating the diffusion process and hence, chemical communications over several metres is capable at speeds in the order of seconds to a minute.
2) Pulse Modulated Signal: Given the pulse response in (2), a sequence of pulses can be examined. A key criterion for reliable detection of continuous pulses is to avoid overlapping pulses at the receiver, such that the response of one pulse overly interferes with the shape of another. This is known as inter-symbol-interference (ISI).
In EM-based signalling, digital filters are used to shape the transmit pulses so that ISI is minimized. Fortunately for EM waves this is possible, as the time gap between pulses (milli-seconds) is much greater than the stochastic nature of the channel (nano-seconds).
However, in chemical signalling the channel is extremely stochastic, and the delay spread of the channel can be in the order of seconds to minutes. This potentially means, in order to avoid excessive ISI, the time separation between successive pulses need to be in the order of seconds to minutes as well. As mentioned, the delay spread from multiple EM-waves reflecting off surfaces is small (10-50 nano-seconds in urban environments over several kilometres) compared to the guard time (T). This is primarily due to the speed of light and the absorbing nature of materials such that the energy from multiple reflections is often lost.
However, for molecular diffusion, this is not the case. The delay spread can be several seconds over just a few metres of space. An analogy would be the scent or smell that lingers indefinitely.
3) Data Rate Scalability:
The resulting consequence of strong ISI in the chemical diffusion channel is that in order to achieve a reasonably reliable communication link, the channel capacity is low (in the order of 0.1 bits/s per molecule type [19] ). This may sound tremendously underwhelming, when considering that a modern Wi-Fi or 4G cellular link can provide up to 100 Mbits/s. Modern EM-based systems use the bandwidth resource to scale up its data rate. The data rate R is given by the product of the bandwidth B and the capacity C, whereby the capacity is a function of the channel quality S:
The typically quoted R =100 Mbits/s in modern communication systems is spread over a B =20 MHz channel, yielding a real channel capacity of C =5 bits/s per unit frequency (Hz).
This is achieved only when the signal power of the channel is S =1000 (30dB) times higher than the noise power. Furthermore, this is only realizable with state of the art channel modulation and coding schemes, which have been developed over a period of 50 years.
PRACTICAL SYSTEM CONSTRUCTION
The idea of the nano-particle communications test-bed was conceived in summer 2012 by Dr.
Weisi Guo. In the article [21] , the system fills an important gap in the molecular communication literature, where much current work is done in simulation with simplified system models. The demonstrator test-bed is a first-generation device that the team hopes will kick-start academic and industrial revolutions in designing molecular-based communication systems. The system is inexpensive to build, and the platform is available for sale as a Table 1 . 
CONCLUSION
This literature review offers a brief explanation of the molecular communication. 
